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The purpose of this calculation is to determine the radiolytic production of nitric acid and other 
chemical species by gamma and neutron radiation inside the 21 PWR (pressurized water reactor) 
waste package (WP). The scope of this calculation is for the spent nuclear fuel (SNF) decay time 
period between ten to one million years. 

The results of this calculation will be used to evaluate nitric acid corrosion of fuel cladding from 
radiolysis in the 21 PWR WP. The 21 PWR WP is a part of the Monitored Geologic Repository 
(MGR) Uncanistered SNF Disposal Container System. The MGR Uncanistered SNF Disposal 
Container System is classified as Quality Level 1 (CRWMS [Civilian Radioactive Waste 
Management and Operator Contractor] Therefore, this calculation is subject to the 
requirements of the Quality Assurance Requirements and Description [U.S. Department of 
Energy 2002). The performance of the calculation and development of this document are carried out 
in accordance with Design Calculations and Analyses. This calculation is associated with 
the total system performance assessment (TSPA) of which the integrity of the spent fuel cladding is 
to be evaluated. 

The calculation method, input description, and results from this calculation are given in the following 
sections. The information provided by the sketch attached to this calculation is that of the potential 
design for the type of WP considered in this calculation. 
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2. METHOD 

The integrity of the cladding material of PWR SNF is one of the issues of the TSPA for the site 
recommendation (SR) study. It is recognized that chemical species produced by ionizing radiation 
(radiolysis) can have deleterious effect on the fuel cladding by nitric acid corrosion. Nitric acid is 
produced in an irradiated air-water vapor system when the hydroxyl radicals, generated water 
vapor, convert nitrogen dioxides, formed by radiolytic reaction between nitrogen and oxygen, to nitric 
acids. Prior to waste package failure, radiolysis effect is insignificant because of the absence of water 
and air in the waste package. Therefore, it is only after waste package failure that radiation-enhanced 
corrosion of fuel cladding can occur. For this calculation the 2 1 WP is assumed to have failed 
and air and water have entered the WP (Assumption 3.1). 

Although radiolytic production of individual chemical species depends on the radiation environment, 
the chemical components present, and the physical conditions of the environment (temperature, 
pressure, and relative humidity), the yield of a chemical species is characterized by a single parameter, 
G value (Reed and Van 1991). The G value represents the number of molecules of a 
chemical species produced per 100 of radiation energy absorbed in the ambient environment; it 
has the dimensions of 

In this calculation, it is assumed that the 21 has been breached, and air and water are present 
inside the WP (Assumption 3.1). For the failed waste package, the maximum amount of nitric acid 
production is determined by the total radiation energy absorbed by the moist air in the waste package. 
The 21-PWR WP is assumed to contain the average (Assumption and the energy deposition 
rates outside the fuel rods are calculated at 35 time steps within the time period between ten to one 
million years. Then, the rate of nitric acid production is determined for each time step based on the 

initial 
-

Three-
21-PWR 

and and 
as 

f6 
f4 

6.1.1- -to-dose- - -6). 

energy deposition and the G values of 1.5 for both neutron and gamma radiation (Assumptions 3.9 and 
3.10). The average PWR SNF has the following characteristics: 

and 21 year decay time (Assumption 3.2). 

dimensional Monte calculations of the energy deposition rates and dose rates inside the 
are carried out using the MCNP program (Briesmeister 1997). The code collects 

information about events that occur during the random walks of particles in set of variables known 
as tallies. A series of these tallies have been specified in the MCNP input decks to obtain estimates 
for the energy deposition and particle flux in the moist air in the nine central assemblies. Information 
are collected for both gamma neutron calculations using the tallies that are defined 

energy deposition averaged over a cell in 
flux averaged average over a cell in 

The f6 results are converted to nitric production rates using the G values, the moist air density, and 
the total volume of the moist air. The f4 results are converted to dose rates using the 

1977 flux rate conversion factors (Briesmeister 1997, pages H 5 and H
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It is assumed that the has failed and air and water are present in the 
rationale for this assumption is that air and water must be present for radiolysis to take place. 
This assumption is used in Section 5. 

The PWR SNF having 4.0 wt% initial and 21 year decay time 
is assumed to be the SNF with average characteristics. The rationale for this assumption is that 
the source term for the SNF with these characteristics generates conservative (higher) radiation 
dose rates for an average (BSC [Bechtel SAIC Company] 2001, Assumption 3.3). 
This assumption is used in Section 

The chemical composition of the SNF is assumed to be the same as that of the fresh 
rationale for this assumption is that small weight variations of the elements do not affect the 
accuracy of the gamma radiation energy absorption outside the rods, as long as the total 
weight is maintained. Also, using fresh for SNF results in conservative (higher) neutron 
energy absorption outside the SNF rods. This assumption is used in Section 5. 

The non fuel material compositions used in this calculation have elements with allowable 
ranges of weight percentages. For elements with weight percent range, the midpoint value is 
used, and the weight percent of the most abundant element is adjusted. The rationale for this 
assumption is that small weight variations for the affected elements do not affect the accuracy 
of dose results, as long as the total weight is maintained. This assumption is used throughout 
Section 5. 

The basket assembly, the trunnion collar sleeves, the extended outer shell lid, the lifting 
features of the upper shell lids, and the bottom support ring in the 21 are not 
represented in the geometry of the MCNP calculations. The rationale for this assumption is 
that excluding the basket assembly yields higher (conservative) radiation dose rate and the 
other components have negligible effects on the energy absorption in the 
assumption is used in Section 5. 

For each PWR assembly, the following items in the active region are not included 
in the MCNP calculations: the guide tubes, instrument tube, incore spacers, and grid supports. 
The rationale for this assumption is the same as that for Assumption 3.5. assumption is 
used in Section 

For each PWR assembly, the materials in the plenum region, top end fitting region, and 
bottom end fitting region are homogenized within the lateral boundaries of the assembly. The 
rationale for this assumption is that the reflective effects of these regions on energy deposition 
in the lattice cells are very small. Thus, homogenization of these regions should give the 
similar effect. This assumption is used in Section 5. 
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It is assumed that the internal configuration of the 21-PWR remains intact for the entire 
time period of one million years. The rationale for this assumption is that the intact 
configuration leads to higher (conservative) radiolytic production of chemical species due to 
higher dose rate in the moist air in the WP. This assumption is used in Section 5.5. 

It is assumed that the G value for nitrogen dioxide (or nitric acid) production by gamma 
radiation is 1.5 The rationale for this assumption is that the G values 
between 0.5 to 1.5 have been observed in the long-term and lower dose rate 
gamma studies (Reed and Van Konynenburg 1991, p. 1399). Since this calculation is for long-
term and low gamma irradiation conditions, G value of 1.5 is conservative by producing the 
highest of nitric acid. This assumption is used in Section 5.5. 

It is assumed that the G value for nitric acid production by neutron radiation is 1.5 
The rationale for this assumption is that the G value of 1.5 

absorbed by the nitrogen component of the gas phase in a air-water system has been 
reported (Reed and Van Konynenburg 1988, p. 401). Since the G value used in this 
calculation is per 100 energy absorbed by all components, using the G value of 1.5 is 
conservative for of nitric acid production. This assumption is used in Section 5.5. 

It is assumed that the pressure in the failed 21-PWR WP is one atmosphere and the 
temperature in the WP is between 30" C and 90" C with relative humidity between 40% to 
90%. The rationale for this assumption is that the has failed and exposed to the 
atmosphere and the temperature and relative humidity ranges correspond to those of the 
measured G values for nitrate production (Figure 3, Reed and Van Konyneburg, 1991). 
assumption is used in Sections 5 and 6. 

It is assumed that neutron spectra for PWR SNF at different decay times are identical. The 
rationale for this assumption is that neutron source in the commercial SNF is dominated by 
neutrons spontaneous fission of actinides. Since spontaneous fission spectra of actinides 
are similar, the neutron spectra at different decay times should be nearly the same. This 
assumption is supported by Figure 4, which depicts the neutron source spectra of the average 
PWR SNF for time from one year to one million years. This assumption is used in Sections 
5 and 6. 

Checker: Date: 
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4. USE OF COMPUTER SOFTWARE AND MODELS 

COMPUTER SOFTWARE 

The MCNP computer code (CRWMS was used to calculate gamma and neutron 
energy absorption and fluxes inside the The software was qualified according to Office of 
Civilian Radioactive Waste Management (OCRWM) procedure Software Management. 
The software specifications are as follows: 

number: Version 4B2 
CSCI Number: 30033 
Computer Type: Hewlett Packard 9000 Series Workstations 

B. 10.20 
Computer processing unit number: Installed on the CRWMS workstation 'Bloom,' 
YMP Tag 700887. 

The input and output files for the various MCNP calculations are contained on a compact disk
only memory (CD ROM) (Attachment with the files documented in Table The calculation 
spreadsheets described in Sections and 6 and included in Attachment are such that an independent 
repetition of the calculations may be performed. 

The MCNP software used was: 

appropriate for the calculation of radiation dose rate and radiant energy deposition (MCNP 
is a Monte computer program designed for and criticality calculations and for 
tracking neutron and gamma radiation) 

used only within the range of validation (benchmark cases used in validation the code include 
a number of critical configurations involving fuels and shielding configurations 
involving neutron and gamma particle transport (CRWMS 

obtained from the Software Configuration Management in accordance with appropriate 

MICROSOFT EXCEL 

Title: Excel 
Excel 97 SR

This software is installed on a personal computer running Microsoft Windows 95 with 
Tag number 1 
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Excel for Windows, Version 97 SR-2, was used in this calculation to translate the input data 
into the correct format and units using standard mathematical expressions and operations. It was also 
used to reformulate and display results graphically or in tabular form. The user-defined formulas, 
inputs, and results are documented in sufficient detail to allow an independent repetition of 
computations. Thus, Excel is used only as a worksheet and not as a software routine. 
Microsoft Excel is an exempt software product according to OCRWM procedure Section 
2.1.1, Management. 

4.2 MODELS 

Not used. 
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5. CALCULATION 

This section provides the radiation source terms, the geometry of the 2 1-PWR and the chemical 
compositions of the materials used in MCNP calculations. The consists of the 21 disposal 
container, 21 PWR assemblies, and a basket assembly. Sketch SK-0175 REV 02 that is included 
i n  Attachment I describes the geometry and material specifications of the 2 1 disposal container 
used in this calculation. So long as the internal configuration of the assemblies and basket does not 
change, minor changes in container wall thickness or other external dimensions will have only a 
negligible effect on the results of this calculation. 

The number of digits in the values cited herein may be the result of a calculation or may reflect the 
input from another source; consequently, the number of digits should not be interpreted as an 
indication of accuracy. 

5.1 21-PWR DISPOSAL CONTAINER 

The 21-PWR disposal container primary consists of an inner reinforcement cylindrical shell, an outer 
shell, top and bottom inner shell lids, a bottom outer-shell lid, two top outer shell lids, upper and lower 
trunnion collar sleeves, and the basket assembly. The details of geometry and material specifications 
of the 2 1 disposal container are described in sketch SK-0 175 REV 02. The basket assembly, 
the trunnion collar sleeves, the extended outer shell lid, the extended lid reinforcement ring, the lifting 
features of the upper shell lids, and the bottom support ring are not represented in the MCNP 
calculations (Assumption 3 Table 1 presents the geometry and material specifications of the 2 1 -
PWR disposal container that are represented in the MCNP calculations. 

The chemical compositions and the associated atom densities of SB-575 and SA-240 S3 1600 
are given in Tables 2 and 3, respectively. For elements with weight percent range, the midpoint value 
is used, and the weight percent of the most abundant element is adjusted (Assumption 3.4). 

The atom densities (AD) of the contents, in are calculated according to 
the following equation (Harmon et al. 1994, p. B-2): 

material ) * weight * 
AD . cm) = 

1 (b/cm2 ) * atomic 

In the above equation, is the Avogadro constant, whose value is atoms per mole 
(Parrington et al. 1996, page 59). 

Table 1. Geometry and Material Specifications for the 21-PWR Disposal Container 

Component 

Top and 

Material 
SA-240 
SA-240 
SB-575 
SB-575 

Characteristic 
Thickness 
Thickness 
Thickness 
Thickness 

Dimension (mm) 
50 
95 
20 
25 

Inner shell 
bottom Inner lids 

Outer shell 
Top and bottom outer lids 

Checker: 
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12.5-14.5 
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(max) 

(max) 
(max) 

gicm' 

(max) 
(max) 
(max) 
(max) 
(max) 

10.00-14.00 

(max) 

100 

100 

 ass^ 
(atomslb*cm) 

6.5357E-05 
4.7629E-04 
1.4907E-04 

7.3638E-03 
2.2200E-03 

3.5956E-04 
3.7484E-03 

3.2640E-05 
4.8830E-02 
8.6374E-02 

(atomslb*cm) 
3.2009E-04 
1.7495E-03 

4.4960E-05 
1.2833E-03 

9.8253E-03 
1.2523E-03 
3.4310E-04 
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Table 2. Chemical Composition of SB-575 

SA-516 

NOTE: 

Fuel basket tube 

as void in MCNP calculations (Assumption 

Elementa 
Weight Percent 

Rangea 
Weight Percent 

Used 
Atomic 

(glmole) 
Atom Density 

C 0.015 0.015 12.0107 
Mn 0.50 0.5 54.93805 
Si 0.08 0.08 28.0855 
Cr 20.00-22.50 21.25 51.9961 2.1 387E-02 

13.5 95.94 
Co 2.50 2.5 58.9332 
W 2.5-3.5 3 183.84 8.5399 E-04 
V 0.35 0.35 50.941 5 
Fe 2.0-6.0 4 55.845 
P 0.02 0.02 30.97376 3.3791 E-05 
S 0.02 0.02 32.066 
Ni Balance 54.765 58.6934 

Total 
Densitv = 8.69 

SOURCE: (American Society for Testing and Materials) B 575-97, Standard Specification for Low-Carbon 
Low-Carbon Nickel-Chromium-Molybdenum, Low-Carbon 

Chromium-Molybdenum-Copper and Low-Carbon Nickel-Chromium-Molybdenum-Tungsten Alloy Plate, 

et al. 
2.Sheet, and Strip, p. 

Table 3. Chemical Composition of SA-240 

Element 
Carbon 

Mn 
P 
S 
Si 
Cr 
Ni 

N 
Fe 

Total 
Density"7.98 

Rangea 

0.08 
2.00 
0.045 
0.030 
0.75 
16.00-18.00 

2.00-3.00 
0.10 
Balance 

Used 
0.08 

2 
0.045 
0.03 
0.75 
17 
12 
2.5 
0.1 

65.495 

C 

(glmole) 
12.0107 

54.93805 
30.97376 

32.066 
28.0855 
51.9961 
58.6934 
95.94 

14.00674 
55.845 

-05 

-02 

-02 
-02 

Weight Percent Weight Percent Atomic Mass Atom Density 

6.981 9E

1.571 2E

5.6361 E
8.6961 E

SOURCE: ASTM A Standard Specification for Heat-Resisting Chromium and 
Chromium-Nickel Stainless Steel Plate, Sheet, and Strip for Pressure Vessels, p. 2. 

b ASTM G 1-90, Standard Practice for Preparing, Cleaning, and Evaluating Corrosion Test 

et al. 1996. 
7.Specimens, p. 
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5.2 PWR SNF ASSEMBLIES 

The PWR assembly used in this calculation is a Babcock and Wilcox 15x1 5 PWR 
assembly. The mechanical design parameters for a 15x1 5 PWR fuel assembly are obtained 
from (BSC 2001, Table 7). Table 4 presents these parameters. 

Fresh fuel is assumed for the PWR (Assumption 3.3). To be consistent with the values used in 
the source term calculations, the mass of uranium and uranium dioxide for each assembly are obtained 
from CRWMS Attachment I, p. instead of using the values in Table 4. The 
composition of fresh fuel is presented in Table 5. The composition of Zircalloy-4 is given in Table 
6. For elements with weight percent range, the midpoint value is used, and the weight percent of the 
most abundant element is adjusted (Assumption 3.4). 

In MCNP calculations, each PWR assembly axially consists of four regions: the bottom end-
fitting region, active fuel region, plenum region, and top end-fitting region. Except for the active fuel 
region, each assembly region is homogenized inside its volume (see Figures 1 through 3), resulting 
in a uniform distribution of the region contents inside each region volume (Assumption 3.7). For the 
active fuel region, the content of each cell in the assembly is represented explicitly, but the guide 
tubes, instrument tube, incore-spacers, and grid supports are not included (Assumption 3.6). The 
chemical compositions and the associated atomic densities of the three non-fuel regions of each PWR 
assembly are obtained from BSC (2001, Attachment I) and presented in Tables and 9. 

Table 4. Mechanical Design Parameters of 5 Mark B Fuel Assembly
a 

Design Material 
Assembly 

Zone 
NIA 

Zircalov-4 

Characteristic 
Width 
Length 

Cladding 

Spacer-plenum 

Value 

Zircaloy-4 

nut SS 304L 

Plenum 

Originator: Date: 

Zircaloy-4 

Diameter 

Length 
208 

Thickness 
Fuel-clad 

Plenum 
Bottom 

7.48 kg 

Masslassembly 
Bottom 

Masslassembly 
Masslassembly 

Bottom 

Checker: Date: 

bly 
Masslassembly 

Plenum 
LengthD 

Masslassembly kg) 

Fuel pin 

Fuel pellets 

(Not Applicable) 

Guide tube 
Instrument tube 

8.536 in. (21.68144 cm) 
165.625 in. (420.6875 cm) 

Lower nut 

Plenum region 

SS 304 
Grid supports 

In core 

Active fuel 

Stack length 

Number per assembly 

Mass Ulassemblv 
0.3686 in. (0.93624 cm) 
141.8 in. (360.1 72 cm) 

In core 

153.68 in. (390.3472 cm) 
5.58 Ib. (2.531 05 kg) 
0.46363 metric tons 

0.0265 in. (0.06731 cm) 
0.0042 in. 10.010668 

In core 

0.91 ka 

Masslassem bly 

In core 

8.16 kg 
8.0 kg 

In core 
1.04 kg 
1.3 kg 
4.9 kg 

In core 

0.64 ka 

1.8 kg 
0.06 kg 
0.51 kg 
0.15 kg 
0.64 kg 

30.1 752 cm 
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I I I I I 

widtha 
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NIA 

UOz 

 ass^ 
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1.0686E-06 
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.1364' 
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-fitting 
NIA 

LengthCBottom end
Fuel pin pitch 

4 in. (10.16 cm) 
1.44272 cm 

SOURCE: 2001, Table 7. 

NOTES: 
 fuel pin length -fuel pellet length = 390.3472 cm - 360.172 cm. 

bottom end-fitting region of 4-in. length provides conservative (higher) dose rates for bottom region of 
the WP. 

2001. Table 2-2. 

Table 5. Chemical Composition of Fresh PWR Fuel 

a 

Isotope 
U-235 
U-234 
U-236 
U-238 

0 
Total 

235.043922 
234.040945 
236.045561 

Densitya = 

238.050785 
15.9994 

4.0000 
0.0347 
0.0184 
95.9469 

NIA 

0.0400 
0.0003 
0.0002 
0.9595 
0.1364 
1 

0.0352 
0.0003 
0.0002 

I 

0.8443 
0.1200 
1 

Isotopic Mass Wt. Portion of Wt. Fraction of Atom Densitv 
Wt% of 

SOURCE: et al. 1996. 

2001, Table 1-5. 


M&O 
 Attachment I, p. Mass of of U = 539.771475 = 1.1364. 
M&O Attachment I, p. 

Table 6. Chemical Composition of Zircalloy-4 

Weight Percent Weight Percent Atomic MassC Atom Density 

SOURCE: B 81 1-90, Standard Specification for Wrought Zirconium Alloy Seamless Tubes for Nuclear Reactor 
Fuel Table 2. 

International 1990, p. 666. 
et al. 

Table 7. Chemical Composition of the Bottom End-Fitting Regiona 

Nuclide 

IdentificationC 


C 3.608 6000.01 


Mn 129.95 25055.01 p 


Atomic Atom Density 

(glmole) 

12.0107 


54.93805 

P 0.2625 15031.01~ 

S 0.24 16000.01 


168.875 14000.01 p 


Cr 1825.9 24000.01 p 


Ni 1499.375 28000.01 p 


30.97376 

32.066 

28.0855 7.581 7E-04 

51.9961 

58.6934 3.221 1 E-03 
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SOURCE: I, Table 1-3. 
al. 1996. 

Total 

501 

-02 

2001, Atttachment 

(80.1 at%) 

961 0 2.1981 E

1997, Appendix G. 
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Figure 1. Source Region Representation in MCNP Calculations 
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22) 

Fuel Assembly 

Outer Shell (Alloy 

Figure 2. Lateral View of the WP Plenum Region in MCNP Calculations 
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Figure 3. Partial Lateral View of the WP Active Fuel Region in MCNP Calculations 
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7014.01~ 
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Mass (g) 
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NIA 

IdentificationC 
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p 

p 

p 

p 
p 

p 
15031.01~ 

NIA 
5010.01p 
5011.01p 
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NIA 
NIA 

(atomslbacm) 
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3.1073E-06 
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Table 8. Chemical Composition of the Plenum Regiona 

SOURCE: 2001, Attachment I, Table 0. 

1997, Appendix G. 

Table 9. of the -Fitting 

N 
Cr 
Fe 
Nb 

Ti 

CO 

Mn 
Si 
CU 

C 

S 
P 

B 
at%) 

(80.1 at%) 
Sn 
0 

Zr 

Nuclide Atomic 
Mass (g) (glmole) 

C 12.0107 -05 

N 0.01905 14.003074 -08 

Total NIA 

537.3145 

212.05881 

218.6757 
53.3 

31.72 
9.36 

5.2 

10.4 

4.021 
3.782875 

3.12 

0.860575 
0.161715 

0.0624 

11.988922 

9408.906 

Nuclide 

42000.01 

13027.01 

27059.01 

29000.01 
6000.01 

16000.01 

8016.01 

Atomic 
(glmole) 
58.6934 

51.9961 

55.845 

92.90638 

95.94 

47.867 

58.9332 
54.938049 

28.0855 

63.546 
12.0107 

32.066 
30.973761 

91.224 

-06 
-06 

-06 

-06 

-07 

-05 

et al. 

Chemical Composition Top End

(1 9.9 

Atom Density 

4. 158 2.1 977E

5.7741 E

0.1 645725 

139.071 5 

28000.01 p 

24000.01 p 
26000.01 p 

22000.01 p 

25055.01 p 

14000.01 p 

50000.01 p 

40000.01 p 

26.981 538 

10.81 1 

11 8.71 

15.99491 5 

Atom Density 

8.301 6E
8.1 820E

5.71 83E

3.041 9E

2.141 1 E

3.1 822E
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L 

B 

(1 

Total 

5.4 

0.108 

NIA 

29000.01 
NIA 

63.546 

-07 

NIA 

-02 

9.9 at%) 

B (80. 501 1.01 p 

10.81 1 6.341 7E

1.2371 E

SOURCE: 
al. 1996.Parrington et 

2001, Attachment I, Table 1-13. 

1997, Appendix G. 

5.3 RADIATION SOURCES 

Neutron and gamma radiation sources for the time period between ten and one million years are 
obtained from CRWMS M&O disk 1 of and presented in Tables 10 and 11, respectively. 
The neutron source spectra per assembly are presented in eight energy groups, starting from 20 MeV 
and descending to the thermal energy. There are no neutrons below energy of 0.1 MeV. The total 
neutron source intensities per are provided in the last column. The gamma source spectra per 
assembly are given in 18 energy groups, starting from 10 and ascending to 10 MeV. Finally, the 
total gamma source intensities in the are included in the last column of Table 11. 

The neutron source spectra per assembly for the time period of one to one million years are depicted 
in Figure 4. It is noted that the spectra are nearly identical for the all time steps. Therefore, only one 
MCNP calculation is needed, and the results for all time steps can be obtained by scaling the tallies 
to the source intensity of each time step. 

Table Neutron Source Spectra of the  Average PWR SNF Assembly 

Originator: Date: Checker: Date: 
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SOURCE: CRWMS M&O disk 1 of 5, file 

Neutron Spectra for PWR SNF over 1 Million Years 

0 
 2 3 4 5 6 7 8 

Energy Group (Decending in Energy) 

Figure 4. Neutron Source Spectra of the Average PWR SNF Assembly 

Table 11. of PWRGamma Source Spectra the Average SNF Assembly 
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Table 11. PWRGamma Source Spectra of the Average SNF Assembly (Continued) 
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Table 11. Gamma Source Spectra of the Average PWR SNF Assembly (Continued) 

SOURCE: CRWMS disk 1 of 5, file 

5.4 PHYSICAL PROPERTIES OF AIR-WATER VAPOR MIXTURES 

The atomic density of the composition of air-water vapor mixture is required in the calculations of 
nitric acid production in the 21-PWR WP. The mass densities of water vapor and air are needed for 
computing the atomic density of the moist air composition. For this calculation, the pressure inside 
the failed WP is assumed to be one atmosphere (Assumption 3.1 and the relative humidity of 

Checker: Date: 
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and 90% at temperature 30°C and 90°C are used (Assumption 3.1 1). 

Since relative humidity is the ratio of the pressure of water vapor present to the pressure of saturated 
water vapor at the same temperature, the water vapor pressure in moist air is the product of the relative 
humidity and the saturated vapor pressure. The air pressure is then the difference of the atmospheric 
pressure and the water vapor pressure at the given temperature. 

Given the temperature and the partial pressures of water vapor and air, the densities of water vapor 
and air can be determined using the ideal gas law 

where 
P is the pressure of water vapor or air 
V is the volume of water vapor or air 
n is the number of moles of water vapor or air 
R is the ideal gas constant, joules per mole per kelvin et al. 1996, p. 59) 
T is the temperature. 

Since volume equals to mass divided by density, V = the equation above can be rewritten for the 
density as 

m 
P M  

R T  R T  
where M is the molecular weight. 

P m  

The density of moist air is sum of the densities of water vapor and air, and with Equation 3 the density 
of moist air can be expressed as 

where 
is the density of moist air 


is the density of water vapor 


is the density of air 


is the partial pressure of water vapor 

is the partial pressure of air 

M 

Originator: Date: Checker: Date: 

is the molecular weight of water vapor 

is the molecular weight of air. 
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Since for a given temperature the partial pressure of water vapor is the product the relative humidity 
and the saturated pressure, Equation 4 becomes 

where 
RH is the relative humidity at temperature T 

is the saturated vapor pressure at temperature T 

is the pressure at one atmosphere (Assumption 3.1 1). 

Equation 5 provides the relationship to compute the densities of water vapor and air in a water 
air mixture as a function of the relative humidity and temperature at pressure From the densities 
and compositions of water vapor and air, atomic densities of the compositions can be calculated. The 
saturated vapor pressure as a function of temperature can be found in 1993 (p. 54) and given 
in Table 12. The composition of air can be found in Weast 1979 F-211) and presented in Table 
13. 

Table 12. Saturated Vapor Pressure Versus Temperature 

Temperature ("C) 

20 
30 
40 
50 
60 

Temperature ("K) 
283.15 
293.15 
303.15 
313.15 
323.15 
333.15 

1227 
2336.6 
4241.5 
7375 

12335.3 
19920.2 

Pressure (Pa) 

SOURCE: 
 1993, p. 54. 


Table 13. Composition of Air 


Nuclide 

Ar 

0.78084 
0.20946 
0.00934 
0.00033 

Atomic Mass 
14.00674 
15.9994 
39.948 
44.0095 

Volume Fraction 

SOURCE: Weast 1979, p. F-211. 

The atom density of the composition of water vapor-air mixture at various relative humidity and 
temperature was calculated in the worksheet of the Excel file 

which is included in the compact disk as Attachment of this document. 
Table 14 presents the atom density of the moist air composition at the conditions used in this 
calculation. 

Date: 
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Table 14. Atom Density of Composition of Water Vapor-Air Mixture 

N Ar 

-07 

C 0 

1 72E-05 1 16E-05 

-05 

Total 

-05 

-05 

Relative Humidity 
and Temperature 

2.1 76E
2.51 1 E

4.861 E

4.91 2E

5.5 NITRIC ACID PRODUCTION IN THE 21-PWR WP 

Radiolytic production of nitric acid in the 21-PWR WP for the time period between ten and one 
million years is determined from the energy deposition in the moist air filling the cavity of the WP and 
the G values of neutron and gamma radiation. The energy deposition rates by neutron and gamma 
radiation in the moist air in the lattice cell of the spent fuel rods in the central nine assemblies are 
calculated by MCNP. Four environment conditions are considered for the WP, all under one 
atmospheric pressure (Assumption 3.1 1). The conditions are the combinations of two relative 
humidities (40% and 90%) and two temperatures (30°C and 90°C). For each radiation source, there 
are 36 calculations each corresponding to a time step between ten and one million years. 

The G values of 1.5 are used for both neutron and gamma (Assumptions 3.9 and 3.10) to determine 
the number of nitric acid molecules produced per second in the central nine assemblies of the WP. 
The results of this calculation can be scaled to production rate of other chemical species. 

The nitric acid production rates per volume of moist air and per surface area of the fuel rods are 
computed from the G values and the energy depositions. Since the tally in MCNP is employed 
to score the energy depositions in units of the density of the moist air, the volume of the 
tally, and the total surface area of the fuel rods are needed. The density of the moist air for the four 
WP environments are presented in the worksheet of the Excel file 
which is included in the compact disk as Attachment The tally cell volume and the fuel rod 
surface area are computed below. 

The volume of the unit cells outside the rods in the central nine assemblies is: 
- cm 3 

= 

(9) (208) 

The total surface area of the fuel rods is: 
2(9) (208) cm

= 2.3 cm2. 
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6. RESULTS 


The section presents the results of this calculation. The outputs of this calculation are reasonable 
compared to the inputs, and the results are suitable for the intended use. The uncertainties are taken 
into account by consistently using the most conservative approach; the calculations, therefore, yield 
a conservatively bounding set of results. 

6.1 DOSE RATES AND ENERGY DEPOSITIONS BY GAMMA RAYS 

Radiation dose rates and energy deposition rates by gamma radiation in the unit cells outside the 
rods in the central nine assemblies of the 21-PWR were calculated by MCNP and presented 
in Tables 15 and 16. The results were calculated for the four moist air conditions at 35 time steps 
spanning over one million years. 

Table 15. Gamma Dose Rates Outside PWR SNF Rods 

Age (Years) 
10 7.81 
15 
20 
25 
35 
50 2.1 2.1 
70 1.31 1.31 1.31 1.31 

6.51 
150 
200 
250 
350 2.51 2.51 2.51 2.51 
500 
700 

2000 
2500 3.71 3.71 3.71 3.71 
3500 3.61 3.61 3.61 3.61 
5000 
7000 

15000 
20000 
25000 
35000 
50000 3.1 
70000 

150000 
200000 
250000 
350000 
500000 
700000 

1000000 
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Table 16. )Gamma Energy Deposition Rates Outside PWR SNF Rods 

6.2 DOSE RATES AND ENERGY DEPOSITIONS BY NEUTRONS 

Similar to the gamma results, dose rates and energy deposition rates by neutron radiation in the unit 
cells outside the fuel rods in the central nine assemblies of the 21-PWR WP were calculated by 
MCNP and presented in Tables 17 and 18. The results were calculated for the four moist air 
conditions at 35 time steps spanning over one million years. 

Table 17. Neutron Dose Rates Outside PWR SNF Rods 

Age 
(Years) 

15 
20 2.3931 

2.91 
3.501 

2.41 
2.9081 
2.41 2.4241 

Originator: Date: 



- - 

Analvses & Com~onent Design 
fi-om 

8~ Date:7/ /3 /~2 Gk 9 / /6/0& 

Title: Gamma and Neutron Radiolysis in the 2 1-PWR Waste Package 
Document Identifier: 000-00C-DSUO-00700-000-00A 

Calculation 
Ten to One Million Years 

Page 30 of 46 

Originator: Checker: Date: 



& 
-PWR from 

he1 
neutrons, 

40% 30°C. 
he1 

originator:@ ?/@/oL GR 9 /46 /0~  

Analyses Component Design Calculation 
Title: Gamma and Neutron Radiolysis in the 21 Waste Package Ten to One Million Years 
Document Identifier: 000-00C-DSUO-00700-000-00A Page 31 of 46 

6.3 NITRIC ACID PRODUCTION IN THE 21-PWR WP 

The gamma and neutron energy deposition rates in the unit cells presented in the previous section are 
used to determine the radiolytic production rates of nitric acid for the time period out to one million 
years. With the G values of 1.5 for both neutron and gamma radiation, production rates per moist air 
volume and per rods surface area were determined. Tables 19 and 20 present the nitric acid 
production rates per volume at four moist air conditions for gamma rays and respectively. 
Table 21 summarizes the maximum total production rates per moist air volume, which occur at the 
relative humidity of and temperature of Similarly, Table 22 gives the total production rates 
per surface area of the rods. Results in Table 22 are graphically depicted in Figure 5. It is 
obvious that the total nitric production is dominated by gamma radiation and the production by 
neutron is negligible. 

The results for nitric acid production can be extended to determine the production of other chemical 
species so long as G values are known. As a matter of fact, the yield of any particular chemical 
species is equal to its G value divided by 1.5 and multiplied by the yield. 

Table 19. Nitric Acid Production Rate per Moist Air Volume (moleculesly/cm3) by Gamma Rays 
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Table 20. Nitric Acid Production Rate per Moist Air Volume (moleculeslylcm3) by Neutrons 
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Table 21. at 40% 30°C 

Table 22. at 40% 30°C 

Nitric Acid Production Rate per Volume RH and 

Nitric Acid Production Rate per Fuel Rod Area RH and 
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Figure 5. Nitric Acid Production Rate per Fuel Rod Area 
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6.4 THERMAL POWER OF THE AVERAGE PWR SNF ASSEMBLY 

The thermal power (decay heat rate) of the average PWR assembly for the time period between 
one and one million years are obtained from the file in disk 3 of 5 
(CRWMS M&O and presented in Table 23. Figure 6 graphically displays the data in the table. 

The thermal power is comprised of three components, the light elements, the actinides, and the fission 
products. The light elements come fiom the spacers and grid supports; the heat of the light 
elements is basically due to gamma and beta decays of the radioactive elements. The biggest 
contributor is the isotope, which has a half-life of years (Parrington et al. 1996, p. 25). The 
actinides are produced transmutation and decay of the heavy isotopes. The heat of the actinides comes 
from alpha, beta, and gamma decays and even neutrons from spontaneous fission. The fission 
products are the results of the nuclear fission process. The heat of the fission products is fiom gamma 
and beta decays. The major contributors to decay heat from this component are the and the 

pairs. The first pair emits betas and the second pair emits gammas. has a half-life of 
28.78 years and has a half-life of years (Parrington et al. 1996, pp. 29 and 34). 

It is evident from Figure 6 that for the first 60 years the thermal power from the fission products is the 
dominant component. After time, decay heat from the actinides is orders of magnitude larger than 
the other two components. 

Table 23. Thermal Power (watts) of the Average PWR SNF Assembly to One Million Years 
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8. ATTACHMENTS 
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The list of attachments is presented in Table Electronic output files are provided on a compact 
disk that is Attachment of this calculation. The files' attributes of the output files are listed in 

Each file is identified by its name, size (in bytes), and the date and time. The files can be 
read using Word-Pad application Windows Explorer. It should be noted that the date and 
time reflect the time of transfer from the HP to the personal computer. The actual date and time of 
each run completion can be found its corres

List of Attachments 

0175 REV 02 
PWR Waste Package Configurations for Site Recommendation 

0191 REV 00 

Files in the Compact Disk 

PWR Waste Package Weld Configuration 

Attachment Number 

Compact Disk of MCNP Output and Excel Files 
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File Name 
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MCNP aamma case at C. 70000 vears SNF 1208.309 17/25/2002 
MCNP gamma case at C. 100000 vears SNF 

MCNP gamma case at 90" C, 150000 years SNF 208,855 7/25/2002 04: 
MCNP gamma case at 90" C, 200000 years SNF 208,855 7/25/2002 
MCNP case at 90" C. 250000 vears SNF 208.966 7/25/2002 
MCNP gamma case at C, 350000 SNF 1208,309 17/25/2002 

MCNP gamma case at C, 500000 years SNF 205,650 7/25/2002 
MCNP gamma case at 90" C, 700000 years SNF 208,954 7/25/2002 
MCNP gamma case at C, 1000000 years SNF 208,420 7/25/2002 

MCNP gamma case at C, years SNF 208,879 7/25/2002 
MCNP gamma case at 30" C, 15 years SNF 220,311 7/25/2002 
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MCNP gamma case at C, 25 years SNF 214,517 7/25/2002 
MCNP gamma case at C, 35 years SNF 221,247 7/25/2002 
MCNP gamma case at C, 50 years SNF 208,855 7/25/2002 1 
MCNP case at C. 70 vears SNF . 208,855 7/25/2002 1 

2g MCNP gamma case at C, 100 years SNF 208,855 7/25/2002 
2g 1 MCNP gamma case at C, 150 years SNF 220,202 7/25/2002 
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MCNP gamma case at C, 7000 years SNF 207,484 7/25/2002 p 
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MCNP gamma case at 30" C, 20000 years SNF 214,790 7/25/2002 
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